I. INTRODUCTION
The progress in the field of nanophotonics has been fueled by advances in fabrication techniques such as lithography 1, 2 and chemical synthesis, 3 where optical properties of nanomaterials are used to achieve functionality. 4, 5 Collective electron motion as a result of the interaction of ultrashort light pulses with nanomaterials typically unfolds on attosecond to femtosecond time scales, where its properties depend on the waveform of the laser field, 6 and the material, composition, 7 shape, 8 and configuration 2 of nanomaterials, and their local environment. 9, 10 Strong external fields may even induce a nonlinear behavior and transitions in electronic properties of nanomaterials on ultrafast time scales. [11] [12] [13] [14] [15] The many applications arising within the field of nanophotonics motivate a more detailed understanding of collective electron dynamics. While spectroscopic methods give only limited information about dynamical processes, time-resolved measurements performed on the time scale of the fastest dynamics are extremely powerful in order to gain much deeper insight into the underlying fundamental processes and have the potential to disentangle the complex multi-electron physics. 16 The photoemission from metal nanotips is of particular interest offering the possibility to produce ultrashort electron pulses. These in turn can be used to seed electron accelerators, 17, 18 and as an electron source for transmission 19 and diffraction imaging studies, 1 offering Angstrom spatial and down to attosecond temporal resolutions. It was recently found that the electron emission from metallic nanotips can be controlled with the carrier-envelope phase (CEP) of few-cycle laser pulses in the single-electron emission regime. 20, 21 The field-control of matter waves also opens up possibilities to use such structures in ultrafast electronics applications. 14 Along this line, laser-driven nanotip vacuum-diodes 22 have been demonstrated.
In our present study, we investigate the carrier-envelope phase control of the photoemission from single-crystalline Au nanowires, which have been prepared by vapor transport method and mounted on tungsten tips. The wires have a large aspect ratio with a typical thickness of 90-190 nm and a length of tens of micrometers. They furthermore exhibit crystal edges at their apex in contrast to etched wires, which typically have a rounded apex. Our studies demonstrate that photoelectrons from nanowires can be strongly accelerated in the local near-fields reaching up to 160 eV in an intensity range of (2-7.3) × 10 12 W/cm 2 . We detect several electrons per laser shot. Our experiments cover the range between previous CEP-resolved photoemission experiments on metal nanotips 20, 21 (singleelectron regime) and on nanospheres 23, 24 (many-electron regime), where in the latter case the electron dynamics is strongly dominated by the interaction between electrons and between ions and electrons. Charge interaction effects in CEP-resolved photoemission have also been studied theoretically for metal nanotips. 21 We investigate the impact of charge interaction on the intensity dependence of the electron count rate, the kinetic energy cutoff, and the CEP-resolved spectra. Irrespective of multielectron emission from the nanowire tips at these intensities, we find a strong CEP-dependence for the range of rescattering electrons, indicative of the attosecond control of electron emission. 20, 25 II. APPROACH
A. Experimental setup
In the experiments, few-cycle near-infrared laser pulses are used to initiate photoemission from a chemically prepared gold nanowire tip. Photoelectron kinetic energies are measured as a function of CEP and laser intensity. A schematic of the experimental setup is shown in Fig. 1(a) . The laser system consists of a Ti:sapphire oscillator (Femtolasers Rainbow), which is CEP-stabilized in a feedforward-scheme after the oscillator. 26 The pulses from the oscillator are temporally stretched in a prism stretcher and used to seed the multi-pass amplifier (Femtopower HR, 10 kHz, CEP4) that produces 20 fs, 800 µJ laser pulses at a repetition rate of 10 kHz. A 1-m long, 250 µm inner diameter hollow core glass fiber filled with 3 bars of Ne gas is used for spectral broadening through selfphase modulation followed by temporal compression with a series of negatively chirped mirrors to a pulse duration of 4.5 fs (full-width-at-half-maximum of the intensity envelope). The laser spectrum is centered at 750 nm and extends from 500 nm to 1000 nm (1% level of intensity). The carrierenvelope phase (CEP) of the few-cycle pulses is monitored by an f-2f-interferometer. A feedback to one of the prisms in the prism-stretcher is provided to correct for slow-drifts of the CEP. Inside the experimental vacuum chamber, the few-cycle pulses are focused onto the apex of the tip using a near-normal incidence spherical mirror with 10 cm focal length to a spot size of approximately 15 µm. The work function of a single crystalline gold is typically around 5 eV. [27] [28] [29] [30] For the few-cycle laser pulse with a photon energy of 1.65 eV, at least four photons are needed to eject an electron into the continuum. The laser intensity is varied using a variable neutral density (ND) filter, where scanning the variable ND filter does not produce a detectable change in pulse duration or CEP. For each setting of the ND filter, the laser pulse energy is measured. Calibration of the energy to intensity conversion is performed at the highest intensity from a measurement on argon gas. The polarization is aligned parallel to the nanowire axis and parallel to the axis of a time-of-flight (TOF) electron spectrometer (e-TOF, Kaesdorf GmbH). Electrons are detected on a chevron microchannel-plate (MCP). The signals from the MCP are further amplified and counted with a digital multi-channel scaler (P7889, FAST Comtec) with 100 ps resolution. The energy resolution is energy dependent and monotonically decreasing from 0.1 eV at an electron kinetic energy of 5 eV to ∼1.5 eV at 150 eV. The use of a TOF to measure electrons has the advantage that the entire electron spectrum can be recorded simultaneously and also an electron count rate per shot can be determined. During measurements on the nanowire samples, the pressure in the vacuum chamber was typically below 5 × 10 7 mbar.
B. Nanowire tip fabrication
The gold nanowires are grown by epitaxial deposition on a sapphire substrate, achieved by means of simple vapor transport. 31 This allows us to produce Au nanowires with diameters between 90 nm and 190 nm with a well-defined crystalline structure and lengths of about 10 µm-50 µm. The nanowires are mounted free-standing on a tungsten tip (T-4-10, GGB industries, Inc.). Figure 1 (b) shows a scanning electron microscope (SEM) image of such a gold nanowire. The gold nanowires are single crystalline without twins or defects and grow along the (110) direction. 32 Each nanowire is an elongated half-octahedron, made up of four side facets, two (111) top facets consisting of equilateral triangular planes, and a (110) bottom surface with the epitaxial relationship between (110) gold nanowires and (0001) sapphire. For the mounting, a sharp tungsten tip mounted on a manipulator is used to approach a gold nanowire vertically grown on a sapphire substrate. By the van der Waals force, the tungsten tip can pick up the nanowire. Prior to picking up the nanowire, the tungsten tip can be coated with conducting adhesives such as Ag paste (Norland Products, Inc.) or carbon paste (CANS) to facilitate high conductivity between the Au wire and W tip. All the nanowires used in our study have been tested to be electrically well contacted to the tungsten tip to avoid charging during the laser irradiation.
III. RESULTS AND DISCUSSION
In order to visualize and quantify the field enhancement at the apex of the nanowire, a series of finite-difference-time-domain (FDTD, Lumerical, version 8.3) simulations were performed. The total simulation region was set to (2 × 2 × 2) µm 3 . The nanowire tip is surrounded by vacuum (index of refraction n = 1) and the real and imaginary parts of the wavelength-dependent dielectric functions of gold were taken from the work of Johson and Christy. 33 A perfectly matched layer boundary condition with a thickness of 1.2 µm is applied to minimize reflections of outgoing fields at the boundary of the simulation region. The angles between the facets of the nanowire are modeled by taking into account the FCC crystal structure of gold. The distance AB ( Fig. 2(a) ) was chosen to be 150 nm and the radius of curvature at the transition of the different facets was taken to be 10 nm, estimated from SEM-pictures. The laser beam is modeled as a Gaussian beam with the wave vector parallel to the y-axis and the polarization parallel to the z-axis (tip shaft) with a duration of 4.5 fs (intensity-FWHM) and a central wavelength of 750 nm. The results for the maximum field strength of the component parallel to the nanowire axis normalized by the incident field strength are shown in Fig. 2 . The field enhancement depends on the orientation of the ridge of the nanowire to the laser propagation direction. Two scenarios are depicted in Fig. 2 with the ridge on the apex being aligned perpendicular (a) and parallel (b) to the laser propagation direction. From simulations it can be observed that the maximum field enhancement is along the ridge of the nanowire. Additionally, the two rounded corners A and B terminating the nanowire (see Fig. 1(b) ) act as poles of maximum field enhancement. When the nanowire is rotated around its axis with respect to the propagation direction, the field enhancement on the rounded corners changes as shown in Fig. 2(c) . The maximum field enhancement is found on the corner B (red open circles) and varies between ∼6.6 for a rotation angle of 0 • and ∼10.4 for 90 • . On the other corner A (green open circles), the enhancement decreases to ∼4.4. It can be observed that the field enhancement varies considerably along the ridge. In order to illustrate the range of the variation, the minimum field enhancement is shown as blue dashed line in Fig. 2(c) . The location of the minimum enhancement (C) is always close to the middle of the ridge. Additionally, the CEP of the local electric field transients as a function of rotation angle was examined relative to an input pulse with CEP = 0. In Fig. 2(d) the CEP at the point of maximum field enhancement at both rounded corners A (green) and B (red) is shown, as well as the range of maximum and minimum CEP along the ridge (blue area). Generally, a shift of the CEP of around 0.7 π can be observed. Furthermore, there is a spread of CEP phases, which increases from 0.2 π at a rotation angle of 0 • to 0.6 π at an angle of 80 • . This means that compared to strong-field photoemission experiments in gases and also from edged nanotips, 11, 34, 35 the strong-field emitted electrons will experience a considerable range of different local field strengths as well as CEPs. We also checked different radii of the transition of the individual facets of 5 and 15 nm for parallel (perpendicular) orientation, which resulted in maximum field enhancements of ∼8.5 (∼5) and ∼14 (∼8.5), respectively. We can extract a few more general trends from the FDTD simulations. The field enhancement rises with decreasing tip radius, as can be expected from geometrical arguments. 36, 37 In contrast to conical metal nanotips, the nanowire can exhibit a rather large field enhancement because of its crystal termination at the apex, which in principle allows much smaller radii, potentially down close to the single-atom scale. Experimentally it proved difficult to rotate the nanowire in situ in the experiments while keeping the alignment of the wire with respect to the laser focus. In our first results presented here, the orientation of the apex of the wires is unknown; hence, maximum field enhancement factors between ∼5 and ∼14 can be expected.
Photoelectron kinetic energy spectra were obtained from the TOF measurements and are recorded as a function of intensity and CEP of the few-cycle pulses. The photoelectron spectra as a function of laser intensity are shown in Fig. 3(a) . Electrons of very high kinetic energy up to 160 eV are detected for a laser intensity of only 7.3 × 10 12 W/cm 2 . A strong low energy peak and a plateau at higher energies that become more prominent with increasing intensities can be observed. In contrast to similar studies on etched tungsten nanotips 20 and our experiments in argon, we do not observe individual photon peaks. Furthermore, the rescattering plateau is less pronounced. This could be attributed to the combined effect of the averaging over different emission sites and consequently different field strengths as discussed above, and different initial states as well as multiple electron emission. A number of recent studies [38] [39] [40] [41] have focused on the excitations of electrons inside the metal and their influence on photoemission. For the low-repetition rate in our experiment, 38 the short laser pulse duration, 40 and the large tip volume compared to etched tips with the same radius, 41 we do not expect to observe a significant contribution of this effect. The data do not provide clear signatures of thermionic emission; however, we expect future dedicated experimental and theoretical studies to shed some more light on this topic. Figure 3(b) shows the number of detected electrons per shot, ranging from slightly below 2 at a laser intensity of 1.9 × 10 12 W/cm 2 up to 13 at 7.3 × 10 12 W/cm 2 . Given the small acceptance angle of around 6 • as well as the limited detection efficiency of the microchannel plate detector of the TOF spectrometer, we estimate the number of emitted electrons to be a factor of 10 to 100 higher. Especially at higher input intensities, we therefore might expect to observe evidence for the charge-interaction of emitted electrons. The increase of the total number of detected electrons is around 1.0-1.7, as indicated by the numbers next to the dashed line in Fig. 3(b) , which show the order of nonlinearity of the count rate scaling between two data points. Experiments performed on etched gold nanotips have reported a similar scaling of the total count rate for intensities above a local intensity above 2-3 × 10 13 W/cm 2 , which was identified as the onset of the tunneling regime. 35 The Keldysh parameter γ = W f /(2 U p ), where W f is the work function and U p the ponderomotive potential of the electron motion in the laser field, is used to distinguish between the multiphoton regime (γ >1) and the tunneling regime (γ <1). Assuming a field enhancement factor of about 6, based on the numerical calculation presented in Fig. 2 , we can estimate a local field intensity of about 7 × 10 13 W/cm 2 and a Keldysh parameter γ <1 already for the lowest employed intensities. This suggests that the experiments are performed in the tunneling regime, consistent with the observed nonlinearities. No clear indication of an effect of charge interaction is observed for the count rate scaling, despite the relatively large amount of emitted electrons from within a small area. It has been argued that the suppression of electron-electron-interactions as compared to flat surfaces is due to the curved surface of the nanotarget and the resulting diverging electron trajectories. 35 Our result is in agreement with experiments on silicon nanotip-arrays. 25 The effect of space-charge on the count rate scaling is expected to be observable only at even higher count rates.
Despite the high dynamic range of the photoelectron spectra, it was difficult to determine the cutoff energy from a change in the slope of the spectra in the cutoff region as, e.g., done in Refs. 20 and 23. The different shape of the spectra might be due to the charge interaction. Additionally, electrons experience different local field enhancements, depending on where they are born on the ridge, resulting in a smearing of the spectra. We thus determined the cutoff energy by a different approach which was already successfully implemented for the photoemission from isolated nanoparticles. 23 An asymmetry in the emission direction of the electrons as a function of CEP can be determined from the spectra as follows:
where the parameter A(E kin , CEP) is a function of the kinetic energy and the CEP, S refers to a particular energy spectrum at a specific CEP, and is a small number to avoid division by zero. Intuitively, the asymmetry parameter measures the relative deviation of the electron yield at a specific energy and CEP from its counterpart that is shifted in phase by π. The CEP-dependent asymmetries from the nanowire for the four laser intensities shown in Fig. 3(a) are depicted in Figs. 4(a)-4(d) . It can be seen that the high energy electrons yield the largest asymmetry amplitudes for each investigated intensity. This is typical for a rescattering process, 20, 23 where electrons are first emitted but then driven back to the wire and further accelerated by the field, acquiring high kinetic energies. In the case of atoms, the cutoff for rescattered electrons is found as 42
where U p is the ponderomotive potential and I p the ionization potential of the atom which can be replaced by the work function in the case of solids. 11, 34 In inhomogeneous fields at nanostructures, electrons might experience the decay of the near-field during their sub-cycle propagation, [43] [44] [45] which leads to the suppression of rescattering and a decrease of the cutoff energy compared to Eq. (2). This effect can be characterized by the adiabaticity parameter, the ratio of decay length and quiver amplitude of electron motion. 44 For our experimental parameters (decay length ∼10 nm, quiver amplitude <1.5 nm), we obtain adiabaticity parameters between 7 and 14, which is in a regime where Eq. (2) is valid to a very good approximation. We have also recorded CEP-dependent asymmetries for electron emission from argon, which are shown in Fig. 4 (e). These data help in determining the experimental laser intensity (and thus U p ) in the interaction region. For argon, with I p = 15.8 eV and a cutoff at 28 eV, the intensity is retrieved as 3.8 × 10 13 W/cm 2 . Calibration of the absolute CEP is required and can also be performed with the argon data since only a relative CEP is obtained from the f-2f measurements. In all cases (for the gas and the nanowires), the asymmetry ceases when the number of field-driven electrons approaches the background noise in the kinetic energy spectra. This point (i.e., where the asymmetry approaches zero at the high-energy end of the spectrum) is taken as the cutoff. The evolution of the cutoff with input intensity for the nanowire measurements is depicted in Fig. 4(f) . A linear increase of the cutoff energy with intensity can be seen (as depicted by the linear fit shown as the dashed red line). This behavior is expected for the case, where charge interaction effects can either be neglected or contribute a constant enhancement factor to the cutoffs, similar to what has been observed for the photoemission from nanoparticles. 46 Following this argument, we can define a relation between the experimentally observed cutoff and the incident laser intensity as follows:
where α is the near-field enhancement factor and b is a factor accounting for the charge interaction. The overall enhancement factor for the field corresponds to b × α and the overall intensity enhancement to b × α 2 , which can be determined from the data to be 35.8. Neglecting charge interaction for a moment, we obtain a field enhancement factor of 5.98 ± 0.24 from the slope in Fig. 4(f) , which is in good agreement with the lower estimations of the expected field enhancement from the numerical simulations of the electric field and therefore b ≈ 1, indicating that the charge interaction does not strongly affect the cutoff energy in the few-electron regime. This is in agreement with experiments on plasmonic nanofilms 47 but different from results for the multi-electron emission from nanoparticles, where charge interaction leads to an extension of the cutoff to higher energies and additionally, as discussed below, a suppression of the low-energy peak in the electron kinetic energy spectrum. 23, 24 The asymmetry data also allow us to obtain information about the electron dynamics. In the gas measurements in Fig. 4(e) , the transition between the spectral regions dominated by direct and by rescattered electrons can be observed by the change of the slope of the asymmetry at a kinetic energy of 2 U p (indicated by the dotted white line). For the spectral region of direct electrons below 2 U p , the slope is tilted to the left, while for rescattered electrons, it is tilted to the right. Furthermore, the amplitude of the asymmetry is lower in the spectral region below 2 U p . The high asymmetry in the cutoff region indicates that electrons with this kinetic energy are created almost exclusively during the central half-cycle of pulses with a certain CEP. By changing the CEP, the electron signal in that region can be switched on (A ∼ 1) and off (A ∼ 1). This implies that these electrons are emitted within a fraction of a half-cycle, which amounts to a few 100 as Ref. 20 . From the asymmetry data from the nanowire shown in Figs. 4(a)-4(d) , we try to draw similar conclusions on the electron dynamics. In the low energy region, there is no strong asymmetry and only towards the cutoff an increased asymmetry sets in. The asymmetry scale in the spectral region below half of the cutoff energy (red dashed line) is increased by a factor of 5 to enhance the visibility of the asymmetry. For the lower intensities ((a)-(c)), a transition to slightly increased asymmetries at 2 U p is observable, indicative of rescattering electrons. We attribute the decreased asymmetry in the lower spectral region to the averaging over different field strength and CEPs as discussed above, while the small asymmetry signal is likely to originate from the region of highest intensity. The shape of the asymmetry of the rescattered electrons changes with increasing intensity. For the lowest intensity, it is quasi-straight (a) and then shows a right tilt similar to the gas measurements, which, however, reverses close to the cutoff (b). For higher intensities (c), two regions can be distinguished, at lower and at higher energy, which are quasi-straight and show a relative phase shift of π. This is similar to simulations in the multi-electron regime (see supplementary material of Ref. 21) , where a similar structure was observed and explained by the charge interaction of electrons within one bunch and two bunches, respectively, depending on the CEP. We note that the simulations were performed in the sub-cycle emission regime, which requires careful comparison to our experiments. For higher intensities (d) the asymmetry is almost straight and might indicate the transition to the regime studied in Ref. 23 . In the cutoff region for all intensities, a strong asymmetry is observed, indicating attosecond control of photoemission in the few-electron regime similar to the gas discussed above.
We note that our observations are slightly different to what has been seen in photoemission from dielectric nanoparticles. 23, 24, 46 There, the electron emission leads to the creation of a positive charge localized at the surface, creating a trapping potential from which direct electrons cannot escape due to their low kinetic energy. Consequently, direct electrons are completely suppressed and there is a relatively clear asymmetry also at lower kinetic energies. In the electron emission from metals, the electron's parent hole is screened by the other electrons and emitted electrons interact only with their image charge. Whether this might explain the observed differences of the low-energy photoemission has to be clarified in future theoretical studies, which are beyond the scope of the paper. Nevertheless, in agreement with other studies, 21, 23, 35 our findings indicate that CEP-dependence of the kinetic energy spectrum is possibly more sensitive to charge interaction effects than purely scalar observables as the count rate scaling or cutoff progression. Future experiments could focus on the coherence of the emitted electrons, where we expect the largest and earliest impact of electron-electron interaction.
IV. CONCLUSIONS
We investigated the photoemission from chemically prepared, single-crystalline Au nanowires allowing us to gain insight into the photoemission and acceleration of electrons on attosecond time scales in strong few-cycle fields. We found that the scaling of both the cutoff energies and electron count rates with intensity is consistent with strong-field photoemission in the single-electron regime, despite the emission of multiple electrons from the nanowire tip per laser shot. Charge interaction effects might be found in the details of the CEP-dependence of the electron spectra. The recorded CEP-dependent electron emission asymmetries are indicative of the presence of rescattered electrons and the attosecond control of photoemission at kinetic energies above 100 eV under conditions where multiple electrons are emitted per laser shot. This will be useful for further development in a number of applications, including, e.g., for ultrafast diffractive imaging.
